In this chapter, a variety of procedures proposed in the literature to increase the impedance bandwidth of microstrip patch antennas are presented and discussed. Intrinsic techniques, proximity coupled and aperture-coupled patches, applying horizontally coupled patches to driven patch on a single layer and stacked patches are discussed. Beside the linear polarised solutions, some techniques for designing wideband circular polarised patch antennas are also presented. Furthermore, some other techniques proposed in the literature including log-periodic array of patches, E-shaped patch, L-shaped feeding, microstrip monopole slotted antenna, defected ground/patch technique and the latest works during the recent years are introduced and investigated. It is tried to make a comparison between different methods giving a typical bandwidth that can be obtained using each method, beside discussing about the benefits or limitations that each method has.
Introduction
Microstrip patch antennas, in their conventional form, are narrow-band structures. Their impedance bandwidth is typically 1-2%. This can be attributed to two factors: the resonant style of antenna (which makes the antenna radiate efficiently only over a narrow band of frequencies) and the thin thickness of antenna, typically less than 0.05λ0.
This feature of conventional microstrip patch antennas makes them unsuitable in many applications where quite wide bandwidth is required. So, many researches have been done during the past few decades to overcome this limitation and several procedures have been proposed.
In this chapter, we will describe the most useful procedures proposed in the literature to increase the impedance bandwidth of microstrip patch antennas. In Section 2, the intrinsic techniques which can be used to increase the bandwidth of a single layer direct fed microstrip patch antenna are described. Section 3 investigates different feeding techniques used for bandwidth enhancement of microstrip patch antennas. In the proposed techniques, the antenna structure is multilayered and the patch is fed by a non-contact feed network. In Section 4, bandwidth enhancement by use of horizontally parasitic elements at the antenna aperture will be described. Sections 5 and 6 explore the stacked patches, a multilayered solution using vertically parasitic elements that can result in very wide bandwidths. In Sections 2-6, the focus is on linear polarised antennas. So, the solutions for wideband circular polarised patch antennas are introduced and discussed in Section 7. Finally, in Section 8, other techniques proposed in the literature including log-periodic array of patches, E-shaped patch, L-shaped feeding and microstrip monopole slotted antenna are introduced and investigated.
In this chapter, we tried to discuss about the principles of operation of presented antennas to give the reader insight into how these antennas work. Some examples are also given. The advantages and limitations of each method will be described and a comparison between them will be provided by giving the typical order of bandwidth that can be achieved using each method. By this way, in this chapter, it is tried to provide a designer's prospective of different techniques used for bandwidth enhancement of microstrip patch antennas.
Intrinsic techniques
Two intrinsic procedures can be applied to improve the bandwidth of a single layer direct fed microstrip patch antenna. One is increasing the substrate thickness and the other is decreasing the dielectric constant of antenna substrate (relative permittivity of near to one). This can also be observed in Figure 1 , in which the bandwidth trends of a direct fed single layer microstrip patch relative to substrate permittivity and thickness are shown. Figure 1 . Bandwidth trends of a direct fed single-layer microstrip patch relative to substrate permittivity and thickness [1] .
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In fact, by increasing the thickness of the radiating patch substrate, the aperture size through which the fields are radiating to the space can be enhanced leading to easier impedance matching of antenna aperture which results in antenna bandwidth enhancement. On the other hand, by decreasing the substrate permittivity (making it closer to the permittivity of outer space), the reflection coefficient at the antenna aperture is reduced making it easier to impedance match which provides wider bandwidth for the antenna.
It should be noted that as the thickness of the substrate is increased and the dielectric constant is reduced, the patch size becomes smaller which provides lower gain. In addition, the radiated power by feed network increases leading to more spurious radiation and higher crosspolarisation level. Furthermore, the surface waves are more excited reducing the antenna radiation efficiency.
Taking the abovementioned limiting factors into consideration, besides the fact that there are limited values for thicknesses and dielectric constants provided by standard commercial substrates, the bandwidth enhancement by the mentioned intrinsic techniques cannot exceed 10% [2] which is still not adequate for many applications like L-band radar which needs 19% bandwidth (1.4-1.7 GHz) or C-band satellite TV that requires 12.5% bandwidth (3.7-4.2 GHz). So, other techniques as mentioned at the following must be applied to enhance the bandwidth more.
Feeding techniques
In all proposed feeding techniques presented in this section, the antenna structure is multilayered and the radiating patch is fed by a non-contact feed network. In fact by introducing a coupling mechanism between the feed network and patch, a resonance is created at the vicinity of patch resonance which can result in antenna bandwidth enhancement if the feed network and patch are well coupled.
Proximity coupled feed
In Figure 2, topology of proximity coupled feeding is depicted. In this feeding mechanism, the radiating patch on the upper layer (radiating layer) is excited by an open-ended microstrip feed line printed on the lower layer (feed layer). It can be seen that there is no direct contact Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen.70173 between feed line and radiating patch. So, the fields are coupled to the patch via the open end of stub. By tuning the location of open end of feed line relative to the patch, a proper coupling between them can be obtained leading to expansion of antenna bandwidth. By this way, the bandwidth at the order of 8% can be achieved.
In order to increase the bandwidth more, we can increase the thickness of radiating layer. However, this makes the coupling of power from the feed network to the patch more difficult. To solve this problem, thicker substrate for the feed layer can be used. In this case, more power is coupled to the patch via open circuit stub, but at the same time, the spurious radiation caused by feed network becomes more severe which can degrade the antenna efficiency. Another solution for this issue is applying a simple matching structure, for example, a quarter-wave transformer, to the feed line. By this way, i.e. using thicker laminate for the radiating layer besides applying matching circuit to the feed network, the bandwidth can be doubled [1] . In Figure 3 , one example about this issue is presented [1] . In this example by doubling the thickness of radiating layer and using a simple impedance transformer at the feed line, the bandwidth could be enhanced from 8 to 14%.
Aperture-coupled feed
In Figure 4 , the topology of aperture-coupled feeding is depicted. In this feeding mechanism, the radiating patch on the upper layer (radiating layer) is excited by a microstrip feed line printed on the lower layer (feed layer) via an aperture (slot) etched at the ground plane of radiating layer. Figure 3 . S11 of a proximity coupled microstrip patch antenna presented in Ref. [1] .
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In this structure, two resonances are provided, one by the patch and the other one by slot. If these two radiators are properly coupled, then the two corresponding resonances become close to each other leading to antenna bandwidth enhancement. The proper coupling between slot and patch can be obtained by tuning the dimensions of slot. By this way, the bandwidth at the order of 20-30% can be obtained. In Ref. [1] , a sample is designed for mobile communication base station application with operation frequency of 1.9 GHz, bandwidth of 27% and 9 dBi gain.
In order to increase the bandwidth more, thick dielectric can be used for radiating layer. In this case, the slot size should be increased to make sure that the power is still coupled to the patch properly. In Ref. [3] , 40% bandwidth has been reported using this simple technique.
In this technique, the shape and the size of the coupling slot can considerably affect the coupled power and consequently the antenna bandwidth and efficiency. In general, as the coupling power gets stronger by changing the slot shape, thicker substrate for the radiating layer can be used leading to wider impedance bandwidth. On the other hand, as the slot size decreases, the backward radiation which is dominantly caused by the slot decreases enhancing the antenna efficiency. In fact, by choosing the proposer shape for the slot, we try to provide the maximum coupling with the smallest size of the slot. By this way, we can more improve the bandwidth by increasing the radiating layer thickness or reducing its dielectric constant while the maximum efficiency is guaranteed.
One of the most used shapes for the coupling slot is a thin rectangle (Figure 5(a) ) by which strong coupling can be given with a simple design. However, stronger coupling can achieved by making it longer or wider (as shown in Figure 5(b and c) ). The 'H'-shaped and bowtieshaped slots ( Figure 5(d and e) ) can provide stronger coupling than the rectangular slot since the fields magnitude in rectangular slot has sinusoidal variation; however, in 'H'-shaped and bowtie-shaped slots, it is quite uniform. By combining the 'H'-shaped and bowtie-shaped slots, i.e. making an hourglass-shaped slot shown in Figure 5 (f), even more uniform field distribution across the slot and consequently stronger coupling can be achieved [2, 4] .
Parasitic elements on the single layer
By introducing some dummy elements properly coupled to the driven element at the same radiating layer, i.e. by introducing parasitic patches horizontally coupled to the driven patch, the overall bandwidth of the antenna can be enhanced if the resonant frequency of the coupled elements are slightly different to that of the driven patch since, as shown in Figure 6 , the overall frequency response is the superposition of the frequency responses of individual patches. In fact, in this technique, both the driven patch and parasitic elements are placed at Figure 6 . Bandwidth enhancement by introducing a dummy patch coupled to the driven patch while the resonance frequencies of the two resonators are quite different [2] .
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the same layer, meaning that this method is a single layer solution providing easy process for antenna fabrication. The main shortcoming of this method is that the antenna overall size is large leading to the problem of grating lobes for the case, an array is going to develop. In addition, the asymmetry of antenna structure with respect to the centre of driven patch, tends to degrade the radiation pattern. This technique has been realised in four different ways that are described in the following.
Coupling via radiating edges
In Figure 7 (a), a microstrip patch antenna using two unequal parasitic elements at the radiation layer is presented [2, 5] . In the proposed antenna, the driven patch is fed by a probe and two dummy patches are placed at its both sides. In this structure, the parasitic patches are coupled to driven patch via the radiating edges of driven patch. The dimensions of patches are quite different providing three slightly different resonances. The coupling between patches can be tuned by the gaps between them controlling the impedance matching of the antenna.
By this technique, the bandwidth at the order of 20% can be obtained [2] . In Figure 7 (b), the frequency response of a sample design presented in Ref. [5] is shown. In this figure, three close well-coupled resonances can be observed which have resulted in antenna bandwidth enhancement. The resulted bandwidth relative to the centre frequency is 10.6% (3.1-3.45 GHz).
Coupling via non-radiating edges
In this method, in the same way as shown in Figure 7 , two unequal parasitic elements are placed at both sides of the driven patch. But here, as shown in Figure 8(a) , the parasitic patches are coupled to driven patch via the non-radiating edges of the driven patch. Since the fields are not uniform at non-radiating edges, unlike at radiating edges where the fields are uniform, the coupling between driven patch and parasitic elements is weaker compared to the previous case where the coupling is provided via radiating edges. So here the gaps between the driven patch and parasitic elements should be smaller than those in the previous case.
By this technique, the bandwidth at the order of 20% can be obtained. In Figure 8(b) , the frequency response of a sample design presented in Ref. [2] is shown. In this figure, also three close well coupled resonances can be observed which has resulted in antenna bandwidth enhancement. The resulted bandwidth relative to the centre frequency is 14.5% (2.8-3.3 GHz).
Coupling via four edges
By mixing the two previous procedures, i.e. placing four patches around the driven patch coupled to it via both radiating and non-radiating edges (as shown in Figure 9 (a)), further bandwidth enhancement and more gain can be achieved. In Ref. [6] , 18.2% bandwidth is obtained using this method. In Figure 9 (b), the frequency response of the sample presented in Ref. [6] is shown.
Annular ring loaded shorted patch
In Figure 10 , a circular shorted microstrip patch loaded by an annular ring is depicted. In this structure, the driven element is the circular patch which is shorted to the ground plane and the parasitic element is the annular ring surrounding it. The dimensions of both the shorted patch and the ring should be well-determined so that strong coupling between them is formed. Then, by increasing the spacing between them, we can reduce the coupling making it possible to increase the bandwidth. In Ref. [7] , a sample of this antenna is designed in which 6.6% bandwidth and 8.4 dBi gain are obtained. Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen.70173 11
Stacked patches

Configuration
In microstrip patch antennas, the term 'stacking' is used for the case where the driven patch is vertically coupled to another patch. By this solution, we do not have the problem of antenna large planar size (which was the issue for the solutions presented in the previous section in which the coupling between parasitic patches and the driven patch were established horizontally) solving the problem of grating lobes when the antenna is used in an array. However, in this technique, since the antenna structure is dual layered, the fabrication process is quite harder than the single-layered antennas presented in previous section. Using this technique, the bandwidth at the order of 20% can be obtained.
In Figure 11 , a typical probe-fed rectangular stacked patch antenna is shown. It is a dual-layer structure in which the driven patch is located at the lower layer and coupled to the parasitic patch printed on the upper layer. In this configuration, typically rectangular patches are used, however, circular and annular patches can also be used in the same manner. Annular ring (by inner radius) and rectangular (by width) stacked patches have extra degree of freedom compared to circular stacked patches which gives them easier impedance matching control at the expense of slightly reduced bandwidth [1] . In Figure 12 , the VSWR plot of a sample antenna designed in Ref. [2] using this technique is illustrated. We can see that the bandwidth (VSWR < 2) of 18.8% is obtained.
In the configuration shown in Figure 11 , there are two resonators, one is the driven patch and the other is the parasitic patch. In design process, the dimensions of patches are chosen so that they resonate at the same frequency. Since two different substrates with different dielectric constants (εr 1 , εr 2 ) are used, the dimensions of the two patches are different. The mutual coupling between patches shifts the two resonances with respect to each other producing a mutual resonance making it possible to increase the bandwidth. By proper choosing the substrates' thicknesses and permittivities, the proper coupling between the two resonances Figure 11 . The concept of stacking. A rectangular stacked patch.
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can be achieved leading to bandwidth enhancement. Broader impedance bandwidth can be obtained by lowering the coupling using high permittivity, say 10, for the lower substrate and low permittivity, say 1, for the upper one [1] . By this way, high surface wave efficiency is also achieved giving the antenna, a better radiation performance. Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen. 70173 13 The concept of stacking can also be used for the parasitic elements technique presented in Section 4, placing the driven patch on the lower layer, while the parasitic patches are placed on the upper layer. In Ref. [2] , 30% bandwidth could be obtained using one rectangular patch on the bottom layer as the driven path and five parasitic rectangular patches placed on the top layer. Figure 13 shows the configuration and its frequency response.
Rules of thumb for substrate permittivity
In Figure 14 [1] , the widest impedance bandwidth and minimum surface wave efficiency (SWE) that can be obtained using different laminates for the lower layer while the upper layer uses foam with the relative permittivity of 1.07 as the substrate, are illustrated. It should be noted that the relative permittivity for the upper layer is chosen close to 1 in order to guarantee the maximum surface wave efficiency and bandwidth obtained by tuning ε r1 . We can see that with ε r1 < 15, wide impedance bandwidths (more than 25%) and high efficiency (more than 80%) can be obtained. However, for ε r1 > 15, the surface wave efficiency starts to reduce degrading the radiation performance of the antenna. The reason is that as ε r1 is lower, the surface wave associated with the lower patch is more effectively coupled to the upper patch and consequently to the radiating fields improving the antenna efficiency. As a result, higher ε r1 leads to lower surface wave efficiency.
Aperture-stacked patches
The aperture-stacked patches are multilayered structures by which the bandwidths at the order of 50-70% can be achieved. Figure 15 shows the general configuration of an aperturestacked patch antenna. It consists of N dielectric layers, two patches and one ground plane .
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at which the coupling aperture, say the slot, is etched. In this configuration, in contrast with the ordinary stacked patches shown in Figure 11 , the driven patch (the lower one) is fed indirectly introducing one more coupling mechanism (between feed line and driven patch) which results in wider impedance bandwidth.
In Figure 16 , the reflection coefficient, S11, of a triple layer aperture-stacked patch antenna designed in Ref. [1] for Ka band is presented. It can be observed that the impedance bandwidth of more than 46% relative to centre frequency is obtained. The designed antenna gain is greater than 6 dBi across [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] GHz. It should be noted that the presented stacked patch antenna in Ref. [1] is backed by a cavity to increase both front to back ratio and gain.
In Figure 17 , an aperture-stacked patch antenna with its geometrical dimensions is shown. In this structure, two offset feed lines are used to excite the slot in order to provide more control Figure 15 . The general configuration of an aperture-stacked patch antenna [1] . Figure 16 . Reflection coefficient of aperture-stacked patch antenna presented in Ref. [1] .
Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen.70173 on coupling power. The two feed lines are 100 Ω lines connected to a 50 Ω line by a power divider. The reflection coefficient, S11, of the designed antenna is shown in Figure 18 [1, 8] . It can be observed that the impedance bandwidth of about 67% relative to centre frequency is obtained. The designed antenna gain is about 7 dBi over its operating bandwidth. [1, 8] .
Broadband techniques for circular polarisation
In previous sections, the broadband techniques for linear polarisation were discussed. However, in many applications such as radar and navigation systems, circular polarisation is required [2] . The axial ratio (AR) bandwidth of conventional microstrip patch antennas is at the order of 1% which is very narrow for many applications. Therefore, some techniques should be applied to increase it. In this section, several configurations that produce wideband circularly polarised radiation are briefly discussed.
Parasitic elements on a single layer
This method uses the same concept used in Section 4 for broadening the bandwidth, however, since here the driven patch is circular polarised, the AR bandwidth is increased. In Figure 19 [9, 10] , a dual-fed four edged coupled circular polarised microstrip patch antenna is shown. The driven patch is circularly polarised using two orthogonal ports with 90° phase difference. It is coupled to four parasitic patches around it via its four edges. By this way, the two orthogonal modes of the driven patch are coupled to the two orthogonal series of parasitic patches. As a result, the two orthogonal modes are impedance matched in wider frequency band, compared to the case no parasitic patch is used, leading to AR bandwidth enhancement. Since the two orthogonal modes originated by the driven patch have the same amplitude, the gaps between the driven patch and all four parasitic patches should be kept the same in contrast to Figure 9(a) where the gaps sizes in the two orthogonal directions have to be different. It should be noted that here, in order to keep the amplitude of orthogonal radiating modes well balanced to improve gain, bandwidth and AR, all parasitic patches should be identical keeping the same shapes and the same sizes. Since the driven patch is square shaped, the parasitic patches also should be square shaped as well. By this single-layer technique, the AR bandwidth at the order of 10% can be achieved.
Stacking
Here, also in the same way as described in Section 5, the AR bandwidth can be enhanced using stacking technique. In Figure 20 , a circular polarised dual-fed stacked microstrip patch is shown. The driven patch is dual-fed and produces circular polarisation. The two orthogonal modes generated by the driven patch are vertically coupled to the parasitic patch and excite two orthogonal modes inside it. In this case, we can say the two orthogonal modes of lower patch are coupled to the two orthogonal modes of upper one. As a result, these two orthogonal modes are impedance matched over wider frequency band compared to the case no parasitic patch is used leading to wider AR bandwidth. In Ref. [11] , a sample antenna base on the configuration shown in Figure 20 is designed and 18% AR bandwidth is obtained. In Ref. [11] , both the driven and parasitic patches are squared.
Aperture coupling
By changing the slot/patch shape in the aperture coupling technique discussed in Section 3.2, circular polarised radiation with enhanced AR bandwidth can be achieved [12] [13] [14] [15] [16] [17] . In Figure 21 , an aperture-coupled square patch antenna with cross-shaped coupling slot is shown. By this Trends in Research on Microstrip Antennas configuration, two orthogonal modes originated by the cross-shaped slot are coupled to the two orthogonal modes of the patch leading to bandwidth enhancement of each mode and consequently expansion of AR bandwidth. In Ref. [12] , a sample antenna is designed using the configuration shown in Figure 21 and 1.4% AR bandwidth is obtained.
In Figure 21 , two crossed slots and a square patch were used. However, the same performance can be obtained using a single slot and modifying the patch shape. In Figure 22 , an aperture-coupled patch antenna using a single 45° rotated slot and a nearly square patch are depicted. In Ref. [17] , a circular polarised antenna with AR bandwidth of about 1.1% is designed using this configuration.
Array
Probably the widest AR responses can be obtained using the array technique. In this method, the elements of array are sequentially rotated while fed by equal magnitudes and different phases. The elements are either linear polarised or circular polarised, however, the whole array provides circular polarisation. In Figures 23 and 24 [18] [19] [20] [21] , several array configurations for providing wideband circular polarised radiation are shown. In these figures, the array elements are circular polarised. [18] shows a 1 × 2 array in which the elements are 90° out of phase and 90° rotated relative to each other. The 90° phase difference is provided by applying additional length to the feed line. In Figure 23(b) [19] , a 2 × 2 array using the same concept is shown. In this figure, each element has 90° rotation and 90° phase difference relative to its neighbouring element. In Figure 24 (a) [20] , a 2 × 4 array is illustrated in which the phase of each element is equal to its rotation angle relative to the element fed by 0° phase. A sample of this configuration is designed in Figure 22 . Aperture-coupled patch antenna using a single 45° rotated slot and a nearly square patch. Figure 23 . Two sequentially rotated array configurations using circular polarised elements. (a). A 1 × 2 array with 90° rotated and phase-shifted elements. (b). A 2 × 2 array in which each element has 90° rotation and phase difference relative to its neighbouring element [18, 19] .
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Ref. [20] and its frequency responses including VSWR and AR are shown in Figure 24(b) . It can be observed that the bandwidth for VSWR < 1.5 is 13.7% and the bandwidth for AR < 3 is 14%.
In the configurations shown in Figures 23 and 24 , the array elements are in direct contact with feed network. However, non-contact feeding techniques such as proximity coupled and aperture-coupled feedings can also be applied here [21] . Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen. 70173 21 As mentioned before, wideband circular polarisation using sequentially rotated array can also be achieved using linear polarised elements. In Figure 25 , two sample arrays are shown [22] . The arrangement of elements is exactly the same as that shown in Figure 23. Figure 25(a) shows a 1 × 2 array with two linear polarised orthogonal patches fed by 90° phase difference. It is easy to understand that by this configuration, two orthogonal modes with 90° phase difference are radiated by the two patches resulting in circular polarised radiation. In Figure 25(b) , a 2 × 2 sequentially rotated array is shown. In this arrangement, there exists two set of orthogonal patches (patches 1 and 3 and patches 2 and 4) that generate the two orthogonal modes with 90° phase difference leading to gain enhancement compared to the antenna shown in Figure 25(a) .
In order to increase the gain more, the number of elements should be increased. In Ref. [23] , it is shown that for this purpose, if N elements are to be used, then they should be arranged in a circular ring and the rotation angle of each element relative to its neighbouring element should be 360/N degree. Furthermore, the phase shifting between the neighbouring elements should be 360/N as well.
Other techniques
In this section, some other techniques that are reported in the literature are introduced and briefly described. However, as we know there exist numerous works on bandwidth enhancement of microstrip patch antennas, with respect to all researchers who have worked on this issue, we have selected a few number of works and presented here.
Log-periodic array of patches
In [24] [25] [26] , the idea of log-periodic antennas for providing very wide bandwidths has been applied to microstrip patches. In this technique, the microstrip patches are arranged in a logperiodic formation. The patches are series fed by a microstrip line either directly or indirectly.
In Figure 26(a and b) , both direct-and indirect-fed configurations are illustrated. In the configuration shown in Figure 26(a) , each patch is coupled to the feed line located at the lower layer; however in Figure 26(b) , each patch is directly connected to feed line via a quarterwave transformer for easier impedance matching (i.e. the length 'd' is chosen λ/4 where λ is the wavelength corresponding to the resonance frequency of the patch). In Figure 26(c) , the VSWR plot of a sample antenna designed in Ref. [26] based on the configuration shown in Figure 26(b) , is shown. It can be observed that very wide bandwidth (about 100%) is obtained by making use of this configuration.
The radiation pattern of antennas shown in Figure 26 is broadside, unlike the conventional log-periodic dipole array which radiates at end-fire direction. Although by using log-periodic configuration, very wide bandwidths can be achieved, but the main beam direction scans vs. frequency makes it impossible to provide constant beam direction through the whole bandwidth.
E-shaped patch
In Ref. [27] , an E-shaped patch backed by a SIW 1 cavity is proposed by which 10.9% bandwidth could be obtained. The antenna structure is illustrated in Figure 27 . As shown, the radiating element is an E-shaped patch backed by SIW cavity and fed by a strip line which is loaded by some stubs. Direct contact between feed line and radiating patch is provided by a metalized via at the centre performing like a probe.
In Ref. [28] , it is declared that for a conventional E-shaped patch (i.e. a single layered E-shaped patch antenna fed by a simple probe) in order to provide impedance matching for the lower resonating mode, we need to choose the substrate thickness more than 0.07λ, since the inductance contributed by the probe is very low and the capacitance introduced by the patch and ground becomes very large [27] . In this design, some stubs are introduced at the end of strip line in order to provide more inductance and make it possible to impedance match the lower resonating mode even with thin substrates of <0.07λ thicknesses.
1 Substrate integrated waveguide. Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen.70173
The input impedance and current distributions corresponding to the two resonating modes of radiating patch for the two cases, with and without stubs, are depicted in Figure 28 . It can be clearly observed that if the stubs are not used, the lower resonating frequency cannot be created with the thin substrate used in this design. However, by applying the stubs and fine tuning of their dimensions, two resonating modes that are successfully impedance matched make it possible to increase the impedance bandwidth. In Figure 29 , the reflection coefficient, S11, of the antenna designed in Ref. [27] is shown and the impedance bandwidth (S11 < −10 dB) of 10.9% (9.45-10.54 GHz) can be observed.
L-shaped feeding
In [29, 30] , an L-shaped probe is used to feed a microstrip patch and demonstrated that by this way, the impedance bandwidth can be increased. This method can be interpolated as a Figure 28 . The input impedance and current distributions corresponding to the two resonating modes of radiating patch for the two cases, with and without stubs, for the antenna shown in Figure 27 [27] . Figure 27 . The E-shaped patch antenna configuration presented in Ref. [27] .
Trends in Research on Microstrip Antennas combination of proximity coupled feeding and stacking technique. In Figure 30 , a rectangular patch antenna fed by an L-shaped probe is illustrated. As shown, the L-shape probe is realised by connecting a metalized via to the feed line. In this figure, the L-shaped probe is fed by a strip line in order to supress parasitic radiation due to the feed structure. The simulated S11 of a sample designed in Ref. [30] is shown in Figure 31 . It can be seen that 50.4% impedance bandwidth is achieved.
Microstrip monopole slotted antenna
In Ref. [31] , a microstrip monopole slotted antenna is introduced and its performance using three different shapes (straight, L and inverted-T) for the slot is investigated and it is shown Figure 29 . Reflection coefficient, S11, of the sample antenna designed in Ref. [27] based on the configuration shown in Figure 27 [27] . Figure 30 . Rectangular patch antenna fed by an L-shaped probe [30] .
Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen. 70173 25 that by making use of this single-layer configuration, a wide impedance bandwidth of more than 80% can be achieved. It should be said that this antenna has omnidirectional radiation pattern and consequently lower gain compared to the antennas presented in previous sections.
In Figure 32 , the antenna configuration for three different slot shapes is shown. As depicted, it is a single-layer structure in which the slot is electromagnetically coupled to the feed line. The presence of slot introduces additional resonances that can be well-coupled to the patch resonance leading to antenna bandwidth enhancement. . inverted-T slot [31] .
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In Ref. [31] , three samples of antennas shown in Figure 32 are designed. Figure 33 shows the reflection coefficients, S11, of the designed antennas. It can be clearly observed that for the case a single straight slot is used (Figure 32(a) ), one additional resonance is created resulting in 57% bandwidth (2.5-4.5 GHz); however, for the cases where L-shaped (Figure 32(b) ) or inverted-T slot (Figure 32(c) ) is used, three additional resonances are created resulting in wider impedance bandwidth: 82% (2.42-5.78 GHz) for the former and 80% (2.74-6.4 GHz) for the latter. The reason is that for the cases of L-shaped and inverted-T slots, the two orthogonal arms of slot perform as two separate resonators properly coupled to each other and the patch making four well-coupled resonances which leads to significant enhancement of the bandwidth.
Defected ground/patch
Defecting the patch/ground has been used as a technique to improve the radiation characteristics of microstrip patch antennas. Mutual coupling suppression in arrays [32] [33] [34] , improving the efficiency [35] , reducing the antenna size [36] and lowering the cross-polar level [37] [38] [39] and Bandwidth enhancement [40] [41] [42] are some examples of this. Here, our focus is on the latter one, i.e. the bandwidth enhancement.
In Ref. [40] , a double U-shaped slot is introduced to the ground plane of a microstrip monopole antenna in order to enhance its impedance bandwidth. With the resultant structure, the impedance bandwidth of 114% was obtained. The proposed structure and reflection coefficient S 11 of a designed sample in Ref. [40] are illustrated in Figure 34 . In Ref. [41] , a D-shaped defected patch is used for bandwidth enhancement. The proposed structure and the two deformations used in it are shown in Figure 35 . By deformation 1, the resonant frequency of TM 10 mode decreases since the effective length of the patch increases for this resonating mode. However, the deformation 2 performs inversely, i.e. it decreases the [41] . Complete structure and two deformations used in it [41] .
Trends in Research on Microstrip Antennas effective length of the patch for TM 10 mode increasing its resonant frequency. As a result, combination of these two deformations makes a D-shaped defected patch which can produce two resonant frequencies by the two effective lengths of inside and outside of D-shaped defection.
The open circuit stub connected to the feed line is used for impedance matching.
In Figure 36 , a fabricated sample of proposed structure and its reflection coefficient S 11 are depicted. The reflection coefficient of the proposed structure is also compared with that of a conventional patch and 5% bandwidth enhancement can be observed in the measurement result.
In Ref. [42] , a dumbbell-shaped defected patch is used to both increase the bandwidth and enhance polarisation purity. The proposed structure is shown in Figure 37 . As shown, a pair of thin slots (with the dimensions l 1 × S w1 ) is etched near the non-radiating edges and four wider slots (with the dimensions l 2 × d w ) are positioned near the patch corners. By this way, the fields corresponding to non-radiating edges and corners which mainly contribute to crosspolar radiation are perturbed leading to more pure radiations. In Ref. [42] , it is shown that each l 1 × S w1 slot introduces a reactance parallel to the input impedance of the patch in such a way that the variation of patch input reactance vs. frequency (as shown in Figure 38 ) becomes smaller compared to the conventional patch. This fact may point to the broader bandwidth of the proposed structure relative to the conventional patch.
In Figure 39 , the reflection coefficient of a sample antenna designed in Ref. [42] is illustrated and compared with that of a conventional patch. Results show that the proposed antenna produces broader bandwidth. The measurement result shows 16% bandwidth for the designed sample.
Recent works
In this part, we have tried to provide a brief review of the most important works that has been done in recent years to give the reader a prospective of the latest researches on bandwidth enhancement of microstrip patch antennas. The latest works focused on the enhancement of the bandwidth without increasing the size and height of antenna [43] [44] [45] [46] . In [43] [44] [45] , differential feeding is used to suppress the excitation of undesired modes. Then by joining the desired modes (or by introducing extra modes between the desired modes), the bandwidth for broadside radiation is enhanced.
In Ref. [43] , by differential feeding for a rectangular patch, the unwanted modes TM 20 , TM 12 and TM 22 are supressed and the favourite broadside modes TM 10 and TM 30 are excited. Then by making use of two stubs connected to the radiating edges of the patch and a stepped ground plane, as shown in Figure 40(a) , it became possible to enclose the desired modes leading to bandwidth enhancement. In Figure 40(b) , the reflection coefficient of a sample designed in Ref. [43] is shown and about 10% bandwidth is observed.
In Ref. [44] , as shown in Figure 41(a) , a differentially fed equilateral triangular patch is loaded by shorting posts. In this structure, the desired modes TM 10 and TM 11 are well excited using differential feeding. Loading the patch with shorting pins generates additional mode, i.e. zero mode, between the two favourite modes which makes it possible to enhance the antenna Figure 38 . Variation input reactance of proposed patch in Ref. [42] vs. frequency and its comparison with that of a conventional patch. Figure 37 . The proposed dumbbell-shaped defected patch presented in Ref. [42] .
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bandwidth by making a proper coupling between the three modes. It should be noted that the shorting pins are located so that they do not perturb the field distribution of TM 10 and TM 11 modes and consequently do not affect them. In Figure 41(b) , the reflection coefficient of a sample antenna designed in Ref. [44] is shown and it is observed that more than 50% bandwidth could be obtained. Figure 39 . Reflection coefficient of a sample antenna designed in Ref. [42] and its comparison with that of a conventional patch. Figure 40 . The differentially fed rectangular patch antenna presented in Ref. [43] . (a). Topology of the structure. (b). Reflection coefficient of a sample designed in Ref. [43] .
Bandwidth Enhancement Techniques http://dx.doi.org/10.5772/intechopen. 70173 31 In Ref. [45] , in the same way as presented in Ref. [43] , a rectangular patch is differentially fed so that the spurious modes between TM 10 and TM 30 modes cannot be excited. But here these two modes are coupled to each other by another way. The proposed structure in Ref. [45] is shown in Figure 42(a) . In this structure, the shorting pins increase the resonant frequency of TM 10 mode without any effect on TM 30 mode; however, the pair of long slots shifts down the resonant frequency of TM 30 mode with slight effect on TM 10 mode. The short centred slot is also used for better impedance matching. By this way, the desired modes TM 10 and TM 30 could be well-coupled leading to enhancement of the antenna bandwidth. In Figure 42(b) , the reflection coefficient of a sample antenna designed in Ref. [45] is shown and about 13% bandwidth can be observed. [44] .
In Ref. [46] , as shown in Figure 43(a) , the microstrip patch is not fed directly. In this structure, the feed line excites a pair of non-radiating quarter-wavelength microstrip line resonators which are capacitively coupled to the patch. As a result, dual-resonance structure is provided in which the two resonances correspond to the patch and quarter-wavelength microstrip line resonators, respectively. By tuning the gap between the resonators and the patch, a proper coupling between them and consequently wider impedance bandwidth can be obtained. In addition, the shorting pin introduced in the central plane suppresses the excitation of all evenorder modes in quarter-wavelength resonators and consequently in the patch. As a result, the TM 20 mode which is the most harmful mode that can generate cross-polar radiation is naturally supressed. In Figure 43(b) , the reflection coefficient of a sample antenna designed in Ref. [46] is shown by which the impedance bandwidth of about 8.5% bandwidth could be obtained.
Summary
In this chapter, a variety of procedures proposed in the literature to increase the impedance bandwidth of microstrip patch antennas are presented and discussed. In Section 2, bandwidth enhancement by proper choosing of substrate is described and declared that up to 10% bandwidth can be obtained using this method taking this fact into consideration that other characteristics of antenna, say efficiency and backward radiation, may be affected.
In Section 3, it is shown that by applying indirect feeding mechanism and coupling the electromagnetic fields to the patch, bandwidth can be enhanced. Two methods including proximity coupled and aperture-coupled patches were introduced by which up to 10% and Reflection coefficient of a sample designed in Ref. [46] .
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